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Electroporation is a valuable tool for nucleic acid delivery because it can be used for a wide variety of cell types.
Many scientists are shifting toward the use of cell types that are more relevant to in vivo applications, includ-
ing primary cells, which are considered difficult to transfect. The ability to electroporate these cell types with
nucleic acid molecules of interest at a relatively high efficiency while maintaining cell viability is essential for
elucidating the pathway(s) in which a gene product is involved. We present data demonstrating that by opti-
mizing electroporation parameters, nucleic acid molecules can be delivered in a highly efficient manner. We
display transfection results for primary and difficult-to-transfect cell types including human primary fibroblasts,
human umbilical vein endothelial cells, Jurkat cells, and two neuroblastoma cell lines [SK-N-SH (human) and
Neuro-2A (mouse)] with plasmid DNAs and siRNAs. Our data demonstrate that by determining proper elec-
troporation conditions, glyceraldehyde phosphate dehydrogenase mRNA was silenced in Jurkat cells when
compared with negative control siRNA electroporations as early as 4 h post-transfection. Other experiments
demonstrated that optimized electroporation conditions using a fluorescently labeled transfection control
siRNA resulted in 75% transfection efficiency for Neuro-2A, 93% for human primary fibroblasts, and 94% for
HUVEC cells, as analyzed by flow cytometry.
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INTRODUCTION

The ability to modulate gene expression within primary
cells is essential for functional genomics, pathway analy-
sis, and medical applications. As these areas of research
progress, the ability to study key interactions in cells more
closely resembling in vivo conditions will be increasingly
important. For many gene expression studies, the delivery
of nucleic acid molecules into cells by transfection enables
the downstream analysis of these key interactions. In this
paper we describe electroporation—a simple and effec-
tive method of delivering DNA and siRNA into primary
and other difficult-to-transfect cells. By rapidly optimiz-
ing electroporation conditions before proceeding with an
experiment, it is possible to efficiently and consistently
deliver nucleic acids into virtually any cell while maintain-
ing cell viability.

Electroporation is a physical method of gene deliv-
ery. For this reason it is widely applicable to a variety of
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cell types, including animal, plant, and microbial.! Dut-
ing electroporation, cells are exposed to a high-voltage
pulse in the presence of exogenous nucleic acid. The high
voltage causes the cellular membrane to be transiently
permeabilized, allowing the foreign nucleic acids to
enter the cell.>~* Every cell type requites slightly differ-
ent electroporation conditions that must be determined
experimentally.

A few considerations need attention for optimal deliv-
ery of nucleic acids into cells by electroporation. Electric
field strength and pulse duration are key parameters to
maximize transfection efficiency and maintain cell viabil-
ity.> The pulse applied to the cells can be generated as two
distinct wave forms: square and exponential decay. Square
wave forms rely on a constant charge being applied to the
cells for a set time. The use of square wave forms allows
for the application of multiple pulses. During exponen-
tial decay wave forms, an initial voltage is set, and the
duration of the decay (time constant) is the product of
the capacitance setting and the resistance of the sample.
Since the sample resistance results mainly from the ionic
strength of the electroporation buffer, such that resistance
is constant, one can empirically determine the effect of
changing the capacitance setting on the pulse. The buffer
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components also influence transfection efficiency and cell
viability. Traditionally, a buffer with high ionic strength
(low resistance) such as phosphate buffered saline (PBS)
or serum-free growth media is used in electroporation of
mammalian cells at high capacitance. In this paper, we
use a novel electroporation buffer designed to mimic the
intracellular ionic strength to promote transfection effi-
ciency and cell viability throughout the electroporation
process. In addition to the electric parameters and buffer
composition, electroporation is influenced by cell health
and density and nucleic acid concentration and type. These
parameters have been reviewed in detail.®

To optimize electroporation conditions we used an
open-platform, plate-based electroporation system, which
allowed us to vary several of the parameters detailed above
in parallel. Here we describe the process of optimizing
electroporation conditions, and the successful electropo-
ration of plasmid DNA and siRNA into primary cells
such as human primary fibroblasts (HPF), and four other
cell lines which are typically difficult to transfect: human
umbilical vein endothelial cells (HUVEC), Jurkat, and the
neuroblastoma cell lines Neuro-2a (murine) and SK-N-SH
(human).

MATERIALS AND METHODS
Cell Culture

All cell lines were obtained from the American Type Cul-
ture Collection (ATTC). HUVEC cells (ATTC, CRL-
1730) were cultured in EBM-2 medium (Lonza, Allen-
dale, NJ). Jurkat cells (ATTC, TIB-152) were cultured
in RPMI-1640 (Invitrogen, Carlsbad, CA) with 10%
fetal bovine serum. The murine Neuro-2a cells (ATTC,
CCL-131) were cultured in Dulbeccois Modified Eagleis
Medium supplemented with 10% fetal bovine serum.
Human neuroblastoma cell line SK-N-SH (ATCC, HTB-
11) was grown in RPMI-1640 medium containing 25 mM
HEPES and L-glutamine (Invitrogen) supplemented with
12.5% fetal bovine serum and 1% penicillin-streptomycin.
Human fibroblast cells (ATTC, CRL-2703) were cultured
in Iscove’s modified Dulbecco’s medium (Invitrogen)
with 10% fetal bovine serum.

Cells were passaged 1 day prior to electropora-
tion so that they were actively growing on the day of
electroporation.

Electroporation

Prior to electroporation, the cells were washed with PBS,
counted, and resuspended in Gene Pulser electroporation
buffer (Bio-Rad, Hercules, CA) to a cell density of 1 X
106 cells/mI. unless otherwise indicated, and mixed with
nucleic acid.

The following plasmids were used: a luciferase expres-
sion plasmid (pCMVI-Luc) and a green fluorescent pro-
tein (GFP) expression plasmid (pEGFP-actin; Clontech
Mountain View, CA). siLentMer Dicer-substrate siRNA
for GAPDH, B-actin, and a nonsilencing negative control
(NC) (Bio-Rad) were electroporated for the gene silenc-
ing studies. A fluorescently labeled transfection control
(TC) siLentMer siRNA (Bio-Rad) was used to assess elec-
troporation efficiency by flow cytometry. The plasmids
were used at a concentration of 20 pg/mlL, and siLentMer
siRNAs were used at 100 nM.

The cells and nucleic acid in Gene Pulser electropora-
tion buffer (Bio-Rad) were gently mixed and then trans-
ferred into electroporation plates (Bio-Rad). One hundred
fifty microliters of the mix was used per well in a 96-well
electroporation plate. The plate was electroporated using
preset or manually entered protocols on the Gene Pulser
MXcell electroporation system (Bio-Rad). One hundred
microliters of the electroporated cells was transferred
into 24-well tissue culture plates containing 500 pL of
the appropriate growth media for each cell type and incu-
bated at 37°C for 24 h unless otherwise indicated.

Analysis of Transfection

Prior to harvesting the cells, cell confluency was assessed
by comparing the percentage of attached cells between dif-
ferent conditions. Suspension cell viability was determined
by propidium iodide staining using the BD FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA). Cells elec-
troporated with pCMVI-Luc plasmid were washed and
assayed for luciferase activity 24 h post-electroporation
using a luminometer (MLX Microtiter Plate Luminom-
eter; Dynex Technologies, Chantilly, VA) and a flash assay.
Results are reported in relative light units. Cells electropo-
rated with GIP plasmid or fluorescent TC siRNA were
washed, detached with trypsin, and suspended in PBS for
analysis by flow cytometry or fixed with 1.85% formalde-
hyde in PBS for analysis by fluorescent microscopy.

Delivery of silLentMer siRNA was also assessed by
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was extracted from cells using
the Aurum total RNA mini kit, and cDNA was synthe-
sized using the iScript cDNA synthesis kit. Gene-specific
primers were used to amplify the relevant message with iQ
SYBR Green supermix on the iQ5 real-time PCR detec-
tion system (in at least triplicates) (all from Bio-Rad).

RESULTS
We report the optimal starting electroporation conditions
as the parameters that resulted in the highest transfec-
tion efficiency or gene expression activity, paired with the
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FIGURE 1

Electroporation of HUVEC cells with pCMVI-Luc plasmid and
Gene Pulser electroporation buffer, using exponential or square-
wave conditions. Luciferase assay results are expressed in rela-
tive light units. The exponential wave electroporations varied the
voltage and kept a constant capacitance (500 pF) and resistance
(1000 Q; light green). The square-wave electroporations varied the
voltage and kept a constant pulse duration of 20 msec (dark green).
*The condition providing the highest luciferase activity. RLU, rela-
tive light units.

highest cell viability (survival rate). Initial experiments
resulted in quick identification of the best electropora-
tion waveform conditions for each cell type transfected
with either plasmid DNA or siRNA. This was followed
by more thorough identification of the electroporation
parameters which are considered to be waveform-depen-
dent. In the end, experiments resulted in better transfec-
tion efficiency in conjunction with effective gene silencing
or gene expression and high cell viability.

>
w

Electroporation of HUVEC cells resulted in high
transfection efficiency using both plasmid (Figure 1) and
siRNAs (Figure 2). To identify the best transfection con-
ditions, the cells were electroporated with plasmid DNA
(pCMVI-Luc), and manual protocols were entered on the
Gene Pulser MXcell. Luciferase expression, expressed
as relative light units, was measured in cell extracts 24 h
after electroporation. The best square wave electropora-
tion condition (250 V, 20 msec) for HUVEC cells resulted
in 60% higher luciferase expression than the best expo-
nential wave condition (350 V, 500 uF) (Figure 1, dark
green). These protocols were used to deliver siRNAs to
the HUVEC cells. First, cells were electroporated with
a fluorescent TC siRNA in order to assess transfection
efficiency which was determined to be about 94% by flow
cytometry (Figure 2A). Then, sil.entMer siRNAs targeting
B-actin and GAPDH genes were electroporated into the
cells. These experiments resulted in > 97% gene silencing
as measured by RT-qPCR (Figure 2B), when compared
with the NC siLentMer electroporations.

The preset protocol Opt mini 96 wells/square expo-
nential (which includes 3 square waves and 3 exponential-
wave conditions) was used to identify the best waveform
conditions for HPF cells. Exponential wave form proto-
cols were more efficient than square wave protocols (data
not shown). Using an exponential wave pulse of 250 V and
500 uF, 93% of the cells were successfully electroporated
with the fluorescent TC siRNA (Figure 3A); 44% transfec-
tion efficiency was obtained with the pEGEP expression
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FIGURE 2

Electroporation of HUVEC cells with siRNA. A: Overlaid histograms showing fluorescence of cells treated with elec-
troporation buffer, but not electroporated (light green), and cells electroporated with fluorescent transfection control
siRNA (dark green). B: RT-qPCR traces 24 h after electroporation using cDNA prepared from cells electroporated
with B-actin siRNA (top panel, dark green) or negative control (top panel, light green) and GAPDH siRNA (bottom
panel, dark green) or negative control (bottom panel light green). ACT, B-actin siRNA; RFU, RFUGAQP; GAPDH
siRNA; NC, negative control; RFU, relative light units. The corresponding qPCR results are expressed as percentage
gene silencing in the right-most panels. Electroporation conditions used were A: exponential decay (350 V, 500 uF,
1000 Q) and B: square-wave (250 V, 2000 uF, 1000 , 20 msec).
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FIGURE 3

Electroporation of HPF cells with siRNA and plasmid DNA, using an exponential wave pulse of 250 V, 500 uF,
1000 Q. A: Flow cytometry results 24 h post-electroporation of 100-nM fluorescent TC siRNA or 20 ug/mL pEGFP.
The results show the percentage of transfected cells. B: RT-qPCR results 24 h post-electroporation of 100 nM GAPDH
and negative control siLentMer siRNA. ¢PCR traces are shown in the middle, and results expressed as percentage
of gene silencing are shown on the right. HPF, human primary fibroblasts; NC, negative control; RLU, relative light
units.

plasmid. The cell viability 24 h after siRNA or plasmid (Neuro-2a) were electroporated with fluorescent TC
delivery was similar (data not shown). Gene silencing siRNA or the GFP-expression plasmid at cell densities
experiments using 100 nM of an siLentMer siRNA for the of 2 x 109 and 4 x 10° cells/mL. Electroporation effi-
GAPDH gene showed GAPDH expression was reduced ciency for siRNA was monitored by flow cytometry, and
by 96.1% when compared with NC siLentMer siRNA for plasmid DNA, by fluorescent microscopy (Figure 6).

electroporations (Figure 3B). Two exponential wave electroporation conditions pro-
An exponential waveform was previously identi- vided equivalent results (200 V, 500 uF, 1000 Q, and
fied as the most efficient for transfection of Jurkat cells 250 V, 350 uF, 1000 Q; data not shown). We observed
(Gene Pulser Xcell electroporation system, Bio-Rad). about 75% transfection efficiency for siRNAs. We also
We focused our efforts on the parameters specific to examined electroporation of the human neuroblastoma
exponential decay pulses using plasmid DNA (pCMVI- cell line SK-N-SH. Combining luciferase activity and
Luc), first selecting the best voltage (Figure 4A), and cell viability data (Figure 7), we determined that the
then the best capacitance (Figure 4B). The optimal elec- best electroporation parameters were square wave, 200
troporation conditions for transfection of this plasmid V, 20 msec with either 1 x 106 cells/mL or 3 x 10¢ cells/
were 250 V, 300 pF, and 1000 Q (in Figure 4B). Using mL. Additionally, we observed over 90% silencing of
the same electroporation conditions, Jurkat cells were GAPDH using identical electroporation conditions and
transfected with a GAPDH sil.entMer siRNA to silence either 50 or 100 nM GAPDH silentMer siRNA (data
GAPDH gene expression. Four hours after electropo- not shown).
ration, GAPDH expression was reduced by over 88% We have identified optimal electroporation starting
when compared with NC silentMer electroporation, conditions (Table 1) for the cell types mentioned here, as
and expression continued to be reduced up to 48 h after well as many others, by testing multiple electroporation
electroporation (Figure 5). Longer time points were not parameters simultaneously.

tested in this experiment, although previous studies have
shown that the silencing effects of these siRNAs can
persist in cells up to 10 d.” Mouse neuroblastoma cells

A B FIGURE 4
18000 16000 * Luciferase activity 24 h after electroporation of Jurkat
15000 15000 cells. An exponential waveform was used to determine
12000 12000 the optimal conditions for electroporation. A: Optimi-
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) 000 tion of capacitance at 250 V and 1000 Q. Results are
3000 ) expressed in RLU, relative light units. *, The condition
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FIGURE 5

Time course of GAPDH gene silencing in Jurkat cells. Jurkat cells
were electroporated using an exponential wave pulse of 250 V,
300 uF, and 1000 Q. Cells electroporated with GAPDH siRNA
(dark green) showed an 88% reduction of the GAPDH transcript
as compared with negative control cells. Values were normalized
to negative control (light green bars at 0% gene silencing).

DISCUSSION

We show that electroporation can be a very efficient
method for introducing nucleic acids into cells of interest,
including those that are often considered difficult to trans-
fect. High transfection efficiency for the cells described
here was achieved by first identifying the most favor-
able electroporation waveform, and then by refining the
parameters related to that waveform. For example, in a
square wave protocol, we can modify the voltage and
pulse duration, while in an exponential wave protocol, we
can make adjustments to the voltage and capacitance set-
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tings. We assessed the results to confirm that our con-
ditions maximized both transfection efficiency and cell
viability. The best electroporation conditions for any cell
type can be obtained by using an open plate-based system
which allows adjustment of parameters including wave-
form, voltage, capacitance, and pulse duration.

We chose to work with two cell types that offer the
advantage of being nontransformed (noncancerous),
“native” cells. However, since these cells are not immor-
talized, they have a limited life span in culture and can be
very difficult to transfect and maintain. HUVEC cells are
often used as a model for endothelial cells from blood ves-
sels® and optimal electroporation rates of 40% have been
reported.” We were able to obtain almost 98% transfection
efficiency by making adjustments in the electroporation
parameters. It is interesting to note that several references
in the literature report the use of exponential wave elec-
troporation of HUVEC cells,3-19 while square wave elec-
troporation was reported to be optimal in two papers!’.1?
and the work we present here.

The electroporation conditions reported in the
HUVEC studies used voltage settings between 200
and 400 V and 950 pF.8-10 Our “next best condition”
in Figure 1 is an exponential wave pulse at 350 V and
500 uF. Although the electroporation buffers were not
specified in these reports, we infer that it was PBS or
serum-free media. In order to obtain a similar time
constant when using the Gene Pulser electroporation
buffer (with higher resistance than either PBS or serum-
free media), we recommend the capacitance setting be

FIGURE 6

Electroporation of Neuro-2a cells using an exponential
waveform pulse of 250 V, 350 uF, and 1000 Q. Cells
were assayed 24 h after transfection. A: Cells analyzed
by flow cytometry. Nonelectroporated negative con-
trol cells (top) and electroporated cells (bottom) were
treated with fluorescent TC siRNA in electroporation
buffer. We used 4 x 108 cells/mL in these experiments.
B: Cells analyzed by microscopy. Cells were electropo-
rated with pEGFP plasmid DNA. Top: Bright field image
of Neuro-2A cells. Bottom: fluorescentimage. We used
2 x 108 cells/mL in these electroporations.
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FIGURE 7

Luciferase activity of SK-N-SH cells electroporated with pCMVI-
Luc using the preset protocol Opt Mini 96/Sqr, Exponential. Three
square-wave well sets were used to test differing voltages with a
pulse duration of 20 msec (dark green), while three exponential well
sets were used to test capacitances at constant voltage (250 V) and
resistance (1000 Q) (light green). Two cell densities were tested:
1 x 10° cells/mL and 3 x 106 cells/mL (only 3 x 10¢ cells/mL data
are shown here). * The condition providing the highest luciferase
activity. Cap, capacitance; RLU, relative light units.

TABLE 1

reduced by about one third to one half in exponential
wave electroporations.

Human primary fibroblasts are used as a model of
“normal” epithelial cells. These cells are important in the
study of epithelial cell cancers and other diseases, and can
be derived from skin and foreskin. Efficient electropora-
tion of HPF has been reported in which cells were stably
transfected and results reported in colonies/ug plasmid.!?
We obtained over 90% electroporation efficiency with our
optimized conditions.

Jurkat cells are immortalized T-cells commonly
used in the study of T-cell signaling and leukemias, and
are considered difficult to transfect. In our studies, we
electroporated GAPDH-specific siRNA and reported
the gene silencing to be 88% as compared with control
siRNA-electroporated cells. Electroporation of Jurkat
cells with an siRNA for the multidrug resistance gene
MRP1 resulted in 70% silencing.!4

Neuroblastoma cell lines are used as model systems
for the study of neural cell development, as stimulation
by commonly used differentiation agents such as phorbol
esters, hydroxyphenyl retinamide, and cytosine arabino-
side result in different responses depending on the cell

Optimal Starting Conditions for Different Cell Types Using the Gene Pulser MXcell
Electroporation System and Gene Pulser Electroporation Buffer

Cell Line Nucleic Acid Starting Conditions

HUVEC siRNA/plasmid Sq: 250V, 20 msec, 2000 pF, 1000 Q*
Exp: 350V, 500 uF, 1000 &

Jurkat siRNA Exp: 250V, 300 uF, 1000 Q

Neuro-2a siRNA Exp: 250V, 350 uF, 1000

SK-N-SH siRNA/plasmid Sqg: 200V, 20 msec, 2000 uF, 1000 Q

HPF siRNA Exp: 250V, 500 uF, 1000 Q

A549 Sq: 300V, 2000 pF, 1000 ©, 20 msec

CHO K-1 siRNA Sq: 250V, 2000 pF, 1000 €, 20 msec

plasmid Sq: 250V, 2000 puF, 1000 Q, 2 x 10 msec
CHO DG44 siRNA/plasmid Sq: 300V, 2000 pF, 1000 ©, 20 msec*

MCF-7 SiRNA
Hela SiRNA
plasmid
COSs-7 plasmid
K562 plasmid

Exp: 250V, 500 uF, 1000 Q
Exp: 250-300 V, 250 uF, 1000

Exp: 250V, 350 uF OR Sq: 250 V, 20 msec*
Exp: 250V, 200 puF OR Exp: 250V, 350 uF
Sqg: 220V, 2000 pF, 1000 Q, 20 msec

Exp: 300V, 250 uF, 1000 Q

*Conditions found to yield nearly indistinguishable results.
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lines.!> The human neuroblastoma cell line SIK-N-SH has
been transfected by calcium phosphate, !¢ lipid,!” and elec-
troporation.!® The mouse neuroblastoma cell line Neuro-
2a has been transfected by calcium phosphate!? and also
by electroporation.?’

It is interesting to note that we identified different
waveforms for the two different neuroblastoma cell lines
studied here. Thus, even with preliminary information
regarding electroporation conditions of a similar cell
type, it is quite possible to identify an even more effi-
cient condition. We have demonstrated that even with
no prior electroporation experience with a particular
cell line (HUVEC or HPF), we were able to find opti-
mal electroporation conditions in a matter of one or
two experiments. Also, when starting with information
obtained from the literature, as in the case of Jurkat cells,
we could further improve upon the results by testing
several electroporation parameters simultaneously. The
differences noted in electroporation protocols published
in the literature bring us to the point that there may be
minor differences in the growth conditions of these cells
and the electroporation buffers used. All of these vari-
ables may lead to slight differences in optimal transfec-
tion conditions, thus indicating the need to confirm that
the electroporation conditions employed are in fact the
most favorable so that the best possible outcome can be
obtained. The plate-based system we used allowed the
simultaneous testing of exponential and square wave-
forms within the same experiment, as well as other elec-
trical parameters (capacitance, resistance, and voltage) or
biological parameters (type and concentration of nucleic
acid and cell density).
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